ABSTRACT The wireless capacity crunch will undoubtedly continue as new innovative applications emerge, for instance, augmented reality and massive machine type communications. mmWave promises to deliver gigabits of bandwidth and unprecedented wireless capacity and has created quite the social buzz in both industry and academia. However, mmWave does come with its challenges. Some most prominent issues include high propagation loss, device immaturity, signal processing complexity, and testability. This paper aims to review the current progress on the development of the mmWave technology from seven areas of particular interest/myths with a particular focus on deployment feasibility. We also promote sensible discussions on the potential solutions. Finally, we ask the title question from a network operator's perspective.
I. INTRODUCTION
When the fifth-generation cellular network (5G) was conceptualized in the communications community several years ago, the expectations were wildly ambitious. This future network should have orders of magnitude improvements in peak data rate, capacity, latency, availability, and reliability. Meanwhile, the deployment should co-operate seamlessly with legacy networks and have fundamental shifts in cost and energy efficiency [1] . This perfect vision was partially fuelled by the development of two core physical layer (PHY) technologies which fundamentally set 5G New Radio (NR) apart from previous radio access technologies (RAT), i.e. millimeter Wave (mmWave) and Massive Multiple Input Multiple Output (MIMO). They both put forth a different paradigm that makes a break with many current understandings of the wireless propagation, signal processing, device manufacturing and network design. In this paper, we zero in on the mmWave technologies operating on the frequency spectrum from 6GHz to 100GHz.
Building upon its success of IMT-2000 (3G) and IMT-Advanced (4G), the Third Generation Partnership Project (3GPP) has been devoting its effort to IMT-2020 [2] development since September 2015. 5G NR is expected to expand and support diverse use case scenarios and applications that will continue beyond the current IMT-advanced standard, for instance, enhanced Mobile Broadband (eMBB), Ultra Reliable Low Latency Communication (URLLC) and massive Machine Type Communication (mMTC) [3] . eMBB is targeting high data rate mobile broadband services, such as seamless data access both indoors and outdoors, and augmented reality/ virtual reality (AR/VR) applications; URLLC is defined for applications that have stringent latency and reliability requirements, such as vehicular communications that can enable autonomous driving, and control network in industrial plants; mMTC is the basis for connectivity in Internet of Things (IoT), which allows for infrastructure management, environmental monitoring and healthcare applications.
It is further envisaged that mmWave will be used for an exuberant amount of 5G applications that demand multiGigabit per second data rate, including point-to-point ultrahigh-definition (UHD) data transfer [4] , [5] , Unmanned Aerial Vehicles (UAV) cellular [6] , fiber-replacement backhauls in Ultra-Dense Network (UDN) [7] , wireless front hauls [8] , [9] , industrial services [10] and autonomous vehicles [11] .
There are several motivations to use the mmWave frequencies. Firstly, the enormous amount of licensed and unlicensed spectrum in the super high frequency (SHF) band and extremely high frequency (EHF) band is in clear contrast to the scarcity of bandwidth below 6GHz. This makes mmWave a prime candidate to handle the soaring wireless traffic volume. Secondly, high propagation loss, due to general interactions with the physical environment and oxygen absorption (frequencies between 53 and 67 GHz), allows frequencies to be reused more aggressively. Hence, it is ideal for use with small cells which normally suffers from inter-cell interference. Thirdly, the small physical size of the antenna element facilitates the integration of a large number of antennas on chip. Fourthly, beamforming allows the directional and targeted transmission between the transmitter and the receiver, which could improve data security and privacy as well as energy efficiency. It is also theoretically feasible to share spectrum/infrastructure resources between operators to improve per-user data rate due to very directional transmissions at mmWave [12] .
Undoubtedly, mmWave communication has been around for quite a long time dating back to the 1980s [13] . Commercial use of the mmWave band is not a new territory. IEEE 802.15.3c, ECMA-387 (WPAN) [14] and IEEE 802.11ad (WLAN) [4] are standards at unlicensed 60GHz to provide short-range point-to-point communications. However, there are still a lot of skepticisms, particularly from investors, as for whether the technology is suitable for cellular coverage and mobility scenarios. One issue that has dramatically changed over time has been the ability to use multiantenna arrays in terms of beam forming and beam tracking. For mmWave to work, fundamentally, the high propagation loss needs to be compensated most probably from high antenna array gains. This is done via highly directional antenna designs, which needs very accurate beam estimation and dynamic tracking. There is a range of areas that are still in development, with some of the key understandings having been established. Predominantly, the confidence of what now can be achieved with antennas in terms of beamforming at both end of the link, that is making the thrust forward.
There are a considerable number of technical and regulatory challenges that need to be addressed for mobile access at the mmWave frequencies. For instance, there lacks well-established mmWave channel models for a variety of deployment environments and frequencies, clear definitions of Key Performance Indicators (KPIs) for different use cases, standardized air interface design, harmonious integration of the new and existing networks, along with the manufacturing and testing of base stations (BS) and consumer devices. In light of such, academic research centers like NYU Wireless, Fraunhofer HHI and the 5GIC (University of Surrey) were among the firsts to initiate investigations into mmWave technologies. Wireless solution companies (e.g. Samsung and Nokia, National Instruments) and chipset vendors (e.g. Qualcomm) are the front runners to build demonstrative hardware. Standardization bodies (e.g. 3GPP, IMT-2020) and infrastructure vendors are putting forward Study Items (SIs) and projects (e.g. METIS, mmMAGIC [15] ) specific for frequencies above 6GHz. Mobile operators (China Mobile, Verizon, South Korea Telecom) are also rushing to get testing bands in preparation for future commercial deployments (e.g. at 24.25-27.5GHz, 28GHz, and 39GHz). Some initial demonstrative test results are very encouraging, e.g. the peak throughput can easily reach 20Gbps with 2 UEs (Huawei @73GHz, Ericsson @15GHz) with effective beam tracking and handover capabilities.
In this paper, we will reference many current technical papers, research and press releases to illustrate the current status of the mmWave technology for cellular access application and to demonstrate the importance of seven outstanding issues that needs to be addressed before mass deployment. Through this paper, we aim to promote discussions on the addressed hurdles and provide solutions where possible.
II. CHANNEL MEASUREMENT
Channel measurement is a necessary exercise for wireless researchers to understand the characteristics of a new spectrum. It requires the construction of target hardware and software, which is often time and resource consuming. Nevertheless, channel sounders [16] , [17] and proof-of-concept (POC) prototypes [18] are coming online around the globe in recent years and offering provisions of this 5G technology. Due to the requirement of wideband channel measurements at such high frequencies, stringent requirements are placed on many parts of the sounding system, such as the sampling rate, the storing and real-time processing capacity of the oscilloscope, the precision of Analog-to-Digital/ Digital-toAnalog Convertors (ADC/DAC), the linearity performance of amplifiers and frequency mixers, etc.
A measurement campaign often offers data at limited number of locations and measurements per location. The usable data after each campaign is further limited due to the high propagation loss and the low received power particularly in outdoor environments, evident as the high outage probability presented in [19] and [20] . This is concerning since it reflects on the highly likely coverage problem in real urban environments. Limited measurement data, coupled with measurement uncertainties, means that a statistically relevant data set is difficult to obtain or to be scaled across a wide range of frequencies with confidence. For large scale parameters (LSPs), multiple measurement campaigns were conducted by various vendors and operators [21] to find convergence between the data in diverse test locations, thus ensuring statistically accurate channel models can be extracted from the data. This part of the work has been captured by 3GPP TR38.900. However, there is a shortage of small-scale fading parameter measurement campaigns. Channel measurement is critical not only in building an accurate channel model but also identifying potential communication bottlenecks at an early stage.
Traditional channel measurements at cellular frequencies are omnidirectional. This allows for the capture of all incoming signal energy, in turn generating accurate representation of the channel characteristics spatially. However, due to the high propagation loss at mmWave, directional measurement is gaining popularity, where high-gain relatively narrow-beam antennas are used at the transmitter and the receiver. Steerable pyramidal horn antennas (e.g. high directional gain of >13dBi) were widely used in measurement campaigns such as [22] - [24] . The narrow beams limit the angle from which signal power could be detected during each channel capture, hence the transceivers were rotated in turns and at certain angular steps to sense the 3D space. The coarse scale in the time domain and the angular domain is a major drawback of such measurement method.
Furthermore, it is necessary to de-embed the antenna patterns from the measured channel data to get the pure propagation data. Current solution (e.g. adopted in [16] and [25] ) is to remove the directional antenna gains from the measured powers at each pointing angle of the TX-RX antennas. It may be an over-simplification to the problem. For instance, directional antenna can introduce cross-polar discrimination on the received signal which will lead to inaccurate polarization statistics. To make matters even trickier, for commercial devices, the miniature size of the antenna element and its tight integration with the PCB board mean that the radiation pattern measurement can be very challenging or outright impossible. Multiple-antenna technique and hybrid beamforming are clearly favored by the mmWave implementation at both the BS and the UE. Directional measurements (without decoupling the antenna patterns) alone may not be enough for accurate and pure channel modeling. This may furthermore create problems when estimating link budgets for different antenna configurations.
Moreover, MIMO channel sounding capability is in high demand, it allows for the understanding of the spatial and temporal correlations between MIMO links. There is also the proposal of using large number of antenna elements/ RF chains at mmWave frequencies. This further complicates the situation, and no such channel sounding capability has been developed yet.
In terms of the sounding capability, it is important to note that the precision of the triggering and synchronization mechanism is instrumental to the accuracy of the delay and the phase measurements. Without a common timing reference between the transmitter and the receiver, raw captured signal needs to be post-processed to align either through simulated/predicted timing or the LOS ray's timing (LOS is assumed to have the highest power than other multipath components (MPCs)). Without a common synchronization signal (e.g. 10MHz reference), Local Oscillators (LOs) and up/down converters will be subject to drifts and errors in phase and frequency. Generally, the triggering and synchronization signals are transmitted over equal-length cables between instruments during close-range static measurements. Over-the-air (OTA) synchronization with GPS timing is often used when doing mobility tests or over longer distances. Fiber connections may be used to clock a distributed measurement system; however, literature [26] has shown that periodic calibration is needed to mitigate the phase drift incurred by being in different physical locations.
There are also measurement campaigns focusing on characterizing the electromagnetic properties (such as surface reflectivity and penetration loss) of different materials and objects when interacting with mmWave signals [27] , as well as the small-scale effects (in the order of only a few centimeters or even millimeters), such as specular and non-specular reflections and diffuse scattering models of different surfaces [28] . These parameters will be useful to indoor propagation modeling and deterministic channel predictions.
III. CHANNEL SOUNDER ARCHITECTURE
For wideband channel measurements, the sliding correlator channel sounder is often deployed. A spread spectrum wideband sliding correlator channel sounder was presented in [25] . It offered an effective way to achieve nanosecondscale temporal resolution and good dynamic range of the measured Power Delay Profile (PDP) [29] . Multi-channel sounding data is usually obtained by mechanically rotating a pair of high-gain narrow-beam antennas to search the paths in the azimuth plane [16] . For instance, angle steps of 10 or 20 degrees (azimuth and elevation respectively) are used at the transmitter only, while the receiver remains stationary, or vice versa. At each angle, multiple channel PDPs are recorded, aligned and averaged offline to reproduce the channel response. This means the instantaneous dynamic of the channel cannot be faithfully captured due to the averaging effect, and the accuracy of the subsequently derived small-scale parameter model is limited. In 3GPP Spatial Channel Model (SCM), the MPC cluster properties are extracted using a high-resolution parameter extraction algorithm. For instance, the Space Alternating Generalized Expectation maximization (SAGE) algorithm requires measurements from multiple antenna elements [30] , however MIMO measurement is currently not reported in any sliding correlator sounder architecture. Within the coherence time, multipath rays are super-positioned to recreate the small-scale fading statistics subject to Doppler shifts. Hence, this method is not suitable for highly dynamic channel measurement.
Another method is based on the time domain wideband correlation approach [17] (Fig. 1 illustrates the channel sounding system). A wideband arbitrary waveform generator (AWG) is used to generate the pre-designed wideband sounding stimulus signal and outputs I/Q and differential I/Q streams. A vector signal generator (VSG) takes the outputs and upconvert the baseband signal to the desired frequency. The RF signal output from VSG will be fed to either multi-element antenna array (for MIMO) or single horn antenna (for SISO). For MIMO channel sounding, the RF switch is needed to do a cyclic delayed transmission of the sounding signal from different Tx antenna elements. At the Rx end, from either multiple antennas (for MIMO or different polarizations) or a single antenna, the signal will be conditioned by filtering and low-noise amplification and then fed into the multi-channel down-converter to convert from RF to the intermediate frequency (IF). The IF signal is then digitized by the high-speed digitizer, and converted to baseband by the digital downconverter (DDC). Finally, the baseband IQ samples can be stored in disk memory or be processed by vector signal analyzer (VNA) in real-time. A 10MHz reference signal is shared between transmitter and receiver to facilitate frequency synchronization and phase coherence. Periodic triggering pulses are generated from a function generator for time alignment between signal generation and acquisition [17] . It is worth noting that this system needs careful calibration to mitigate its own impairments. Uncalibrated results lead to non-ideal CIRs with worse delay resolution, higher side lobes and noise floor, degraded angular and path delay accuracy.
IV. CHANNEL MODELLING
Channel modeling is critical for evaluating wireless technology in a timely and cost-effective manner. The state-ofthe-art channel models can be classified as physical channel models and analytical channel models (Fig. 2) . The physical channel model concerns the physical propagation environment, thus modeling signal parameters such as AOA, AOD, complex power and time of flight. The physical channel models can be further divided into deterministic channel models (e.g. ray-tracing and measurement-based models), geometry-based (e.g. one/two ring model and elliptical model) and non-geometry stochastic channel models (e.g. SV-model (Saleh-Valenzuela model) and Zwick model). Physical channel models can be in 2D or 3D. The analytical channel models are derived from the statistical characteristics of the channels, which are obtained from mathematical representations such as the channel impulse response (CIR) between the transmitter and the receiver. Fitted models are often derived from the interpolation of measurement data points for a specific parameter. The analytical channel models can be divided into correlation-based stochastic models (CBSM) and propagation based models (e.g. virtual channel representation (VCR)). Many of the current standardized wireless models can be put into such two categories or the combination of them.
Considering many existing channel models and their evolution, such as COST 2100 channel model [31] , COST IC 1004 [32] , [33] , ETSI Model [34] and 3GPP TR 38.900, it is always preferable to adapt and reuse the existing model structure. However, it is no longer enough to model the mmWave channel the same way as the microwave channel. Currently, the large-scale spatial and angular parameters of the measured channels (e.g. path loss, shadow fading, delay spread, and angular power spectrum in azimuth/elevation domain) have been measured and modeled for standardization purposes in Urban Macro, Urban Micro and indoor scenarios [35] , [36] . Due to lack of measurement data, small-scale parameterization has not been validated extensively. Therefore, the current channel models are not adequate to predict actual system performance.
Furthermore, there are unique mmWave channel characteristics that are yet to be specified and accurately modeled. For example, the temporal channel statistics (e.g. the birth and death of multipath components (MPCs)) should be measured and investigated; the small-scale dynamics, e.g. diffuse scattering, significantly impact system performance [37] and should be truthfully modeled; intra-cluster model on PDP and ower angular spectrum (PAS) allows for more accurate correlation modelling between MPCs; blockage model of clusters is based on AOAs and attenuations, and its ability to represent the dynamic reality is highly desired. A firstattempt statistical channel model was presented in [16] , taking the spatial, angular and temporal statistics into consideration and consolidating into a time cluster-spatial lobe (TCSL) approach.
To make the modeling process even more challenging, the non-static environments and the user mobility will lead to large dynamic variances in channel powers. The higher the frequency, the more dynamic the channel is going to be [38] . There is even talks on using high frequencies for high-speed train communications [39] , [40] . To capture these changes, agreements may need to be made on the introduction and the definition of new dynamic parameters, such as temporal shadow fading, temporal and spatial evolution of clusters, and geometry-induced blockage [41] . The majority of the campaigns reported in the literature have been in pseudo-static environments, and each channel capture took tens of milliseconds up to several seconds [17] , [19] , [42] . Therefore, temporal statistics are very coarse. This is problematic for modeling processes such as the LOS-to-NLOS transition response. The fast-changing channel states are not only an issue for channel measurement, but also for the future mmWave mobile devices. Advanced beam steering antennas and sophisticated beam tracking algorithms are thus required to avoid severe shadowing and blockage.
At sub-6GHz bands, it is often sufficient to predict the average link-level or system-level performance using geometrybased stochastic model (GBSM) channel models. It allows for wide distribution of the methodology for a fair comparison between different studies. For the above-6GHz band, many new parameter, besides the usual path loss, shadowing and LSPs responsible for small scale fading, are needed for accurate performance evaluations. Taking the 3GPP TR 38.900 [35] as an example, it is based on extending the existing stochastic models developed for under 6GHz up in frequency. This was a pragmatic response by 3GPP to the tight timescales of the ITU's IMT2020 project; hence the modeling parameters and assumptions should be validated by extensive measurements. There are some areas of concern currently, to name a few,
• Each multipath may no longer be simplified as a planar wavefront due to the small dimension of the wavelength compared to the potentially very large antenna array [38] ;
• The traditional presumption that clusters of MPCs can be defined by a joint angular-delay probability function was not born out at mmWave frequencies according to measurements [16] ;
• There are no verified electromagnetic models for smallscale interactions with the propagation environment, such as the diffuse surface scatters. Many people think they can get away with specular reflection, but measurements in [43] show it doesn't work at mmWave frequencies. The mmWave system when fully deployed will most probably operate with a wide bandwidth (e.g. a few hundred MHz up to 2GHz), and it is inaccurate to only model the channel parameter at the center carrier frequency. Hence, multifrequency channel models should be encouraged.
As an open source implementation of the 3GPP-3D channel model, the QuaDRiGa channel model [44] has further extended with the features of spatial consistency (to accurately evaluate the performance of massive MIMO) and multi-cell transmissions. The QuaDRiGa channel model will be supported by data from extensive channel measurement campaigns at 6 to 100GHz band performed in the mmMAGIC project [45] .
Consequently, there is much debate on whether the mmWave channel model should be a GBSM or a deterministic ray-tracing model or a hybrid of the two. These models will likely to co-exist for the time being until it becomes clearer how mmWave propagates through various environments.
The ray-tracing modeling method for both indoor (exemplified by [27] , [46] , and [47] ) and outdoor (exemplified by [43] ) environments is rising in interest. Hur et al. [48] proposed to use scanning measurements for quantifying the accuracy of a ray-tracer, which was subsequently used to generate many channel predictions to fill in the gaps between the measurement samples. In [49] , ray-tracing realizations were used for analyzing a subset of the channel parameters, complimented by measurement data. This hybrid approach is a good compromise between complexity and accuracy. However, there is also skepticism about the accuracy of a ray-tracer which could be easily affected by a few parameters within the virtual environment.
mmWave is more likely to work in small cells, thus site-specific models could be better suited to represent the actual propagation conditions. One of the most prominent issues with the small cell deployment is inter-cell co-channel interference [50] . With the physical environment accurately mapped, interference study could be performed through raytracing for network planning purposes [51] . It is also worth mentioning that the mmWave signal is susceptible to interference from bad weather conditions, e.g. heavy rains and snow falls [35] . The location of the cell towers is more sensitive, VOLUME 5, 2017 and it is useful to understand the topography of each area. Therefore, it is important to recognize the fact that 3D environment mapping and advanced electromagnetics are needed for 5G planning to become a success. Moreover, the tradeoff between prediction accuracy and computation complexity can be managed efficiently in ray-tracing simulations.
Alternatively, there are also middle-ground Quasideterministic channel models. MiWEBA [52] incorporates both random processes and some sophisticated small-scale parameterization (e.g. spherical wavefront, diffuse reflection, spatial consistency, and dual mobility Doppler model) during ray tracing, albeit only validated at 60GHz. METIS model [53] consists a map-based model, a stochastic model, and a hybrid model as a combination of both. Based on extensive measurement campaigns, lists of channel parameters for <6GHz and 50-70GHz bands are available.
Much of the mmWave modeling efforts has been on singleinput-single-output (SISO) links. It is important to understand how to extend SISO to MIMO channels. Besides direct measurements, another common method (for sub6GHz) is called point-expansion technique, where the angular power spectral density is assumed to be wide-sense-stationary across the multiple-antenna array. This is only valid when the dimension of the array is small enough to allow the far-field assumption of UEs. Utilising the knowledge of small-scale spatial amplitudes and spatial autocorrelations of the multipath amplitudes over tens of wavelengths, MIMO links can be safely emulated. This assumption needs to be rigorously verified for EHF so that more understandings on the spatial consistency of model parameters could be obtained.
For the near-field, ray-tracing channel models are more common and especially relevant for MIMO links. The immediate environment of the transmitter and the receiver as well as the dynamic movement [27] in the environment should be modelled. Based on the physical parameters generated by ray-tracing, channel coefficients for each Tx-Rx antenna to antenna link can be generated. Thereafter, the conditional probabilities among the channel parameters can be derived in a statistically relevant manner [47] .
The final remark regarding the channel model is a question, how much you care about accuracy? It may be necessary to develop a hybrid and scalable model built on a better understanding of the relationship between model complexity and accuracy. 5G planning won't work too well unless the model agrees with real-world measurements.
V. NEW PHY LAYER DESIGN
New spectrum and different propagation characteristics require innovative physical layer designs, which may include evolutions in the waveform, multiple access, frame structure, numerology, control channel design and channel precoding [54] . This is to ensure the new air interface can meet all the throughput and latency requirements set for 5G; at the same time, take into consideration of the high and low frequencies [55] .
New waveforms are geared towards low-PAPR performance and easier synchronisation due to less leakage power to adjacent subcarriers and frequency bands. New nonorthogonal multiple access (NOMA) schemes are introduced to accommodate more UEs in the same radio resources compared to the traditional CP-OFDM (Cyclic Prefix -Orthogonal Frequency Division Multiplexing) and pave the way towards ultra low latency through possibly grant-free transmissions. Flexible and scalable Transmission Time Interval (TTI) is agreed in the NR frame structure to support diverse application requirements. Note that it is paramount to precisely align the boundary of a subframe and all scaled TTI lengths to ensure the interworking between NR and LTE. Different subcarrier spacings (potentially 15kHz, 30kHz, 60kHz) and CP lengths are designed for different mobility scenarios. Control channel design (e.g. new polar code for control channel coding in eMBB) can be optimised per frequency bands to be more spectrally efficient.
In 4G LTE/LTE-A, spatial multiplexing (SM) is adopted as the DL precoding scheme, where multiple data streams can be transmitted from sufficiently separated antennas (in space or in different polarizations). SM is most effective when radio links operate in a high SNR regime and are bandwidthlimited (and not power-limited). Furthermore, SM is only effective when the channel provides sufficient diversity/rank for multiple non-interfering data streams. However, early studies have shown that mmWave is more likely to operate in power-limited (rather than bandwidth-limited) and noiselimited (rather than interference-limited) regime [56] . The high propagation loss mandates the use of high-gain narrowbeam antennas and/or Massive MIMO techniques. This leads to the use of beamforming at both transmitters and receivers to align their beams to provide coverage. The feasibility of mmWave for eMBB coverage (e.g. 200m cell radius) is still very much in the debate due to handover concerns. Because of the hardware constraints in terms of power budgets and signal processing complexity, analog beamforming becomes very attractive. Currently, hybrid (i.e. digital and analog combining) beamforming and low-resolution (e.g. ADC/DAC) digital beamforming are the two most popular candidates for mmWave architecture [57] . Consequently, beam domain techniques should be thoroughly studied. During the stage of initial access and cell discovery, beam sweeping techniques should ensure that near and far UEs can access the network under the same delay and fairness criteria [58] . In code-book based beamforming schemes, clever beam training algorithm should thrive for fast joint selection of optimal antenna weight vectors at transmitter and receiver. Beam tracking is particularly challenging as the user gains mobility. The highly dynamic nature of the channel demands advanced receivers that can perform accurate and fast channel estimations.
Lastly, we would like to note a paradigm shifting modulation method called the Orthogonal Time Frequency and Space (OTFS). It is developed by Cohere Technologies and is showing great promise for high-mobility applications, such as high-speed trains (HST) [59] . OTFS transforms a wireless channel to a two-dimensional view of its delay and Doppler properties (instead of time and frequency domain where Doppler shift can be very problematic). It also allows for the collection of precise CSI from all distributed antennas in an array. This information is then used to compensate the signal fading to ensure a high-speed high-quality connectivity even at long distances [60] .
VI. DEVICE MATURITY
From the network operator's perspective, it is not difficult to understand that the lower the frequency spectrum gets licensed the better. Less propagation loss at a lower frequency can help meet the coverage requirement, which is critical to the quality of user experience. There are several bands of interest, i.e. frequencies around 30GHz, 40GHz, V-band (57∼64GHz) and E-band (77∼86GHz). One issue is that not all the frequency bands have a complete hardware solution chain. Many key devices, which need to have high-efficiency and high-precision wideband performance, are non-existent on the commercial market; for instance, the active devices (such as PA and ADC/DAC) at 40GHz (candidate frequency band for Asia). If the standardization committees could finalize the bands for commercial use soon, it would be easier for device manufacturers to optimize any existing technology and devices for the new bands.
The majority of mmWave applications have been on radar and military communications. It is relatively easy to reuse the conformance test equipment since the specifications on frequency and bandwidth are readily met. The major measurement equipment suppliers, such as Rohde & Schwarz and Keysight, have been actively involved in defining the mmWave future. Industrial-leading Vector Network Analyzers can now support up to 500GHz and will be extended to 1.5THz in the near future. The signal and spectrum analyzer FSW series from ROHDE & SCHWARZ can analyze frequency range from 2 GHz to 85 GHz (with external harmonic mixers frequencies can go up to 110GHz) and its maximum resolution bandwidth (RBW) can achieve 2GHz with B2000 software [61] , [62] . Signal generators can produce waveforms of a maximum frequency of 500GHz (using frequency multiplier) and a modulation bandwidth of 2GHz. Signal analyzers can take in signals with frequencies up to 110GHz and a bandwidth of 5GHz. The challenges here lie in the devising of high-precision and high-sampling-speed baseband processing unit, wideband high-quality amplification, IQ balancing and calibration techniques. In terms of new test procedures, it is important to consider the implications from MIMO and hybrid beamforming. Finally, the cost of such test system should be reduced so as not to prohibit roll out of mmWave BS and user devices on a mass scale.
In terms of actual BS hardware, radar/military equipment cannot be reused easily for cellular. They are designed with high reliability and robustness in mind, not overly concerned with the form factor, the power consumption, and the cost. Whereas, cellular use has the characteristics of multi-user, high mobility, high integration, low power and low cost.
Furthermore, the radar propagation condition is largely in LOS (e.g. air to ground or satellite links), which is vastly different from the multipath environment the cellular communication operates in. Finally, the heat dissipation on printed circuit board (PCB) is a great concern while moving up the frequency spectrum due to the use of energy-hungry integrated circuits and active components. A new material called Graphene has attracted attention from wireless industry due to its superior thermal conductivity and other properties, making it the candidate for post-silicon electronics.
At the user end, the preliminary system architecture comprises of the baseband signal processing block, IF to RF processing block, power amplification block and RF/Antenna array. The resulting user terminal under test still has a large form factor [63] , [64] , which is impractical to say the least and desperately needs upgrades before it is truly fit for mobile or wearable applications. It does not help when chipset vendors are reluctant to develop for mmWave applications now, because the 5G new air interface has not be standardized and it is unclear what frequency and how many data chains needs to be supported. We have procured a list of hardware-related concerns shown in Table 1 . It is paramount these issues get addressed through more discussions and research collaborations.
VII. TESTABILITY
Up till 4G, most telecommunication techniques can be tested through the RF interface/ports or through conductive/cabled tests. However, 5G is yet to define explicitly where the probing should take place and what level of requirements should be imposed at each signaling stage for mmWave. This is caused by the various system implementations and highly integrated transceiver implementations at mmWave. At the recent 3GPP RAN4 meeting, it is agreed that OTA should be the primary, sometimes the only method for highfrequency conformance testing [65] . This is also true for other types of device testing across the product lifecycle, i.e. design verification, radiated performance and production. The traditional conductive method is restricted to below 6GHz bands and mostly without beamforming with a small/manageable number of antenna elements.
Moreover, the traditional definitions of the test parameters need to be adapted to OTA and the beam domain. This also impacts the method and the test system configuration for measurement of each parameter, for instance, Adjacent Channel Leakage Ratio (ACLR), variation of emission requirement on the out-of-band and spurious domains [66] . More specifically, ACLR is a critical parameter to regulate co-existence KPIs at the transmitter. It indicates the filter performance and the linearity of the PA. It is defined in OTA as the ratio between the radiated power within the desired channel and the radiated power within the adjacent channel over the whole sphere [67] . Here, the power is agreed by 3GPP to be measured via Effective Isotropic Radiated Power (EIRP). It is easy to understand that the summation of power requires samples obtained over the whole sphere, but it may be unnecessary or impractical to obtain all these samples from actual measurements. Some testing procedure is already very time-consuming in cabled fashion, e.g. blocking and TIS test; OTA may lengthen the time even further due to measuring in 3D. Therefore, some forms of automated tests and optimization of the procedure should be explored. In addition, the link budget in the anechoic chamber for EIRP test is very limited and may cause measurement inaccuracy and uncertainty. In terms of UE MIMO OTA, performance testing in realistic radio environment presents the greatest challenges [68] . This links back to our correct understanding of the mmWave propagation channel and how to match test environments to the real environment accurately and efficiently.
Lastly, wireless safety tests are also central to mmWave cellular deployment and usage. There are even many healthcare related applications of mmWave being developed [69] . The biological implications due to the absorbed electromagnetic waves should be thoroughly studied and the safety standards for the mmWave regime should be updated. Some research has claimed that mmWave radiation is non-ionizing and the main safety concern is heating of human tissue caused by the absorption of mmWave energy [70] .
VIII. CO-EXISTENCE
As it turns out large frequency bands in 20-50GHz have already been allocated on a co-primary basis for mobile services in ITU Region 1, together with satellite communications, radio astronomy, radio navigation and radiolocation [71] . As the spectrum is open to regulation and standardization around the world, we need first and foremost the relevance study of the 5G system using higher frequency bands to existing deployments, indoors and outdoors. Spectrum sharing [72] could be expected as well. This entails investigations on co-channel and adjacent channel interference, as well as a range of coupling loss models. Although 5G will likely be deploying at new sites and separated from legacy 3G and 4G sites, it still requires careful consideration on the co-existence between high and low frequencies, licensed and unlicensed bands, multi-operator deployments in a heterogeneous network (HetNet) [54] . We also briefly mentioned the existing 60GHz WLAN and WPAN applications, some of which are based on proprietary standards, making it difficult to perform interference tests. This problem would be particularly acute for indoor environments.
There are many other issues pertaining to mmWave besides the afore-mentioned categories. In access and networks fora, Cloud-RAN and Software Defined Networks (SDN) are the most promising 5G advances at high layers [73] . How mmWave could be incorporated with them for fronthaul and backhaul connectivity should be addressed. There is also the need to test future networks where low frequency and high frequency may cooperate on different functional tasks [74] (e.g. low frequency for control signals and high frequency for data transmission). Signal processing requirement is also very demanding (5G target: DL peak data rate 20Gbps and UL peak data rate 10Gbps), especially if massive MIMO is involved [75] . Coverage tests should be performed to understand realistic outdoor range in urban environments, as well as outdoor-to-indoor scenarios. Medium and high mobility at the UE should also be introduced. Beam tracking for multiple users or in a crowded area should be investigated.
IX. CONCLUSIONS
In this article, we have discussed seven hurdles in the realm of mmWave for 5G wireless communications, i.e. channel measurement, sounder hardware, channel models, PHY design, devices, testability, and co-existence. This is a list of fundamental issues (leaning toward more implementation side of concerns) that need more careful and thorough investigation before this technology could be deployed for 2020 as a key enabler for 5G and seen as a technological and a business success.
We feel it is time to ask THE critical question: Is mmWave ready for mass cellular deployment under such tight timeline in 2020? As the world's largest network operator, our view is to take caution before those fundamental issues are resolved. It is now at the midpoint of this exciting and challenging journey, where the 5G Study Items (SI) phase was just completed in March 2017 and the Work Item (WI) phase is initiated with detailed objectives [76] . Additionally, Total Cost of Ownership and Return on Investment hinge on the timely standardization process. Finally, we stress that a full-fledged 5G communication network requires the interworking of all the network layers, and mmWave is merely one of the many enabling technologies. Therefore, the main goal of this article is to bring attention to these seven promising areas of research that require collaborative efforts to answer properly.
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